Purpose: Irreversible electroporation (IRE) has been developed as a promising minimally invasive treatment to ablate spontaneous brain tumors with pulsed electric fields in canine patients. The purpose of the study is to determine the Peleg-Fermi parameters needed to incorporate pulse number and pulse duration into the therapeutic planning of IRE. Methods: Seven canine patients were treated with IRE for spontaneous malignant glioma with MRIbased treatment planning. The treatment planning method consists of building patient-specific finite element models and using them to compute electric fields used in the IRE treatment. We evaluate the predictive power of tumor coverage with electric field alone vs. cell kill probability using radiographically confirmed clinical outcomes. Results: Results of post-treatment diagnostic imaging, tumor biopsies, and neurological examinations indicated successful tumor ablation without significant direct neurotoxicity in six of the seven dogs. Objective tumor responses were seen in four (80%) of five dogs with quantifiable target lesions according to RANO criteria. Two dogs experienced survivals in excess of 1 yr, including one dog that resulted in complete response to IRE treatment for 5+ years to date. Tumor fraction exposed to electric field over 600 V/cm was between 0.08 and 0.73, while tumor fraction exposed to electric field over 300 V/cm was between 0.17 and 0.95. Probability of cell kill of ≥ 90% was found in tumor volume fractions between 0.21 and 0.99. Conclusions: We conclude that IRE is a safe and effective minimally invasive treatment for malignant glioma and can be predicted with the Peleg-Fermi cell kill probability function. A tumor coverage of ≥ 0.9 at a cell kill probability ≥ 90% can be used to guide IRE treatments of spontaneous malignant glioma based on the radiographically confirmed clinical outcomes achieved.
INTRODUCTION
Malignant gliomas, especially glioblastoma multiforme (GBM), are among the most aggressive human malignancies. Patients suffering from this disease have poor prognosis with a 5-yr survival rate of about 10%. 1 The median survival for patients with GBM is only 15 months even with singular or multimodal therapy consisting of surgical resection, radiation therapy, and/or chemotherapy. 1, 2 Despite development of novel therapies for treatment of malignant glioma in transgenic and genetically engineered rodent glioma models, few therapeutic advances have emerged that drastically improve survival for patients with aggressive, high-grade gliomas.
population that is observed in humans. Therefore, developing treatment technologies in a glioma model system of a meaningful size that faithfully reproduces the human disease is critical for improving the outcome of brain cancer patients.
Canine patients with spontaneous brain tumors have been recognized for their promise as a large translational glioma model for preclinical assessment and development of novel therapeutics. 4 In dogs with several types of brain tumors, statistics on median survivals of 0.2, 0.9, and 4.9 months Statistics have been reported after receiving either symptomatic therapy, cytoreductive surgery, or multimodal therapy (radiotherapy and surgery or hyperthermia) respectively. 5 These statistics demonstrate the poor long-term prognosis for dogs with brain tumors and the urgent need for the development of more effective therapies. 5 There are substantial clinical, epidemiological, cytogenetic, and pathophysiological similarities between human and canine brain tumors that have been identified. 6 The role and value of dogs with spontaneous brain tumors in the development of experimental therapeutics has been demonstrated. Seminal work in dogs with spontaneous gliomas illustrated the feasibility and importance of real-time imaging monitoring of convection-enhanced delivery (CED) for confirmation of target coverage, as well as providing an opportunity to detect and remedy any local adverse effects of CED treatment, including reflux. 7 A preclinical study investigating dendritic cell vaccination of glioma-bearing dogs with tumor cell lysates containing a toll-like receptor ligand adjuvant in combination with in situ adenoviral interferon-gamma gene transfer demonstrated sufficient safety and promise to result in rapid translation of this immunogenetic therapy to a human glioblastoma clinical trial, 8 and promising active immunotherapeutic approaches using dogs with intracranial meningiomas have recently been published. Canine patients with spontaneous disease are thus an attractive preclinical model since the size and heterogeneity of their gliomas closely reproduce the characteristics of brain tumors in humans.
Recently, we demonstrated the safety and feasibility of irreversible electroporation (IRE) for the treatment of spontaneous intracranial gliomas in canine patients using patient-specific therapeutic planning. 9 IRE is a new, safe, and effective minimally invasive nonthermal ablation modality with the potential to treat unresectable tumors such as many gliomas in close proximity to critical structures. [10] [11] [12] [13] [14] An IRE treatment involves placing minimally invasive electrodes within or around the tumor tissue and delivering a series of short high voltage electric pulses to the targeted tumor tissue. [15] [16] [17] The exposure of the tumor to pulsed electric fields destabilizes the membranes of the cancer cells, achieving death in a precise and controllable manner with cell-scale resolution. 16, [18] [19] [20] In order to guide the physicians and veterinarians performing electroporation-based therapies, anatomically accurate numerical models have been developed for maximizing tumor coverage while minimizing damage to surrounding healthy tissue during pulse delivery. [21] [22] [23] [24] The pulse parameters employed in the clinical study were determined from patient-specific computational models of the electric field distributions due to the sensitive nature of the intracranial environment. 9, 25 In these models, as in many other studies of electroporation technologies, the electric field distribution was used to determine the tumor coverage based on electric field threshold values. 21, [26] [27] [28] [29] [30] The imaging-based treatment planning model developed for each canine patient dictated the surgical approach for intracranial electrode placement. The models also helped determine the voltages that needed to be applied assuming a lethal electric field threshold of 500 V/cm that was determined from magnetic resonance imaging (MRI) reconstructions of IRE ablation zones with ninety 50-ls pulses in normal brain. 9, 28 The radiographically confirmed clinical outcomes demonstrate that we achieved two complete responses (CR), two stable diseases (SD), and one partial response (PR) after IRE therapy of the malignant gliomas in the five canine patients that were treated with curative intent.
The goal of this study is to further refine the imagingbased computational models to explicitly incorporate additional critical treatment parameters such as pulse number and pulse duration to improve the predictive power of the cell kill distribution during the therapeutic planning procedure which can serve to improve treatment planning for brain tumors in the future. [31] [32] [33] Specifically, we correlate the radiographically confirmed clinical outcomes with advanced modeling approaches to provide the clinical community with predictive planning tools for IRE treatment of intracranial glioma.
MATERIALS AND METHODS

2.A. Study design and canine patient population for clinical study
This was a single-center, prospective study conducted to assess the safety and feasibility of using the NanoKnife System for ablation of spontaneous canine intracranial gliomas with irreversible electroporation. 9 Canine patients were treated according to the standards in the Guide for Care and Use of Laboratory Animals, and were approved by the institutional animal care and use committee and the Virginia-Maryland College of Veterinary Medicine clinical review board. Candidates for this study consisted of client-owned dogs with suspected spontaneous telencephalic gliomas based on MRI evaluation and tumors were biopsied and histologically confirmed prior to IRE treatment (Table I ). For inclusion, canine patients were required to undergo a diagnostic MRI within 2 weeks of enrollment showing a single telencephalic intra-axial mass lesion with imaging characteristics consistent with glioma, 34 have stable neurological and cardiopulmonary functions, and have no evidence of substantial hepatic or renal dysfunction or concurrent systemic malignancy. Any type of radiotherapy treatment of the brain tumor was prescribed as exclusion criteria. A passive approach was used to enroll cases following identification from the routine clinical population presented to the Veterinary Teaching Hospital or its referral partners. The recruitment of each Medical Physics, 44 (9), September 2017 patient occurred after the principal investigator's clinical review of each potential candidate. Clients provided written, informed consent for their canine patients to receive irreversible electroporation treatments. The population with intent-to-treat was defined as those clinical cases in which the NanoKnife electrode (www.angiodynamics.com) probes were inserted into the brain tissue. The specific IRE treatment protocols, electrode configuration, and tumor characteristics are given in Table II.   9 2.B. MRI sequence for tumor diagnosis, segmentation, and treatment planning Each canine patient was scanned in a 1.5-T Phillips Intera magnet according to the standardized clinical brain tumor protocol sequences presented in Table I . Mimics 14.1 image analysis software (Materialise, Leuven, Belgium) and the Visifield (www.visifield.com) software were used to segment the normal brain and tumor tissue in the T1-weighted postcontrast MRI sequences. The tumors were traced in a semiautomated manner in each of the two-dimensional (2-D) axial planes based on the increased intensity due to Gadolinium uptake. The treatment zones were identified by (a) the changes of Gadolinium contrast agents in T1W + C scans or (b) anatomical inspection of the tumor location in the two canine patients with non-enhancing tumors. Specifically, therapeutic response assessments were evaluated with response assessment in neurooncology (RANO) criteria. 35 For each patient individually, the segmented medical images were used to construct the 3D model using the following approach. The electrode tips and trajectories were identified in the original medical images. The electrodes were then inserted in the model as cylinders with 1-mm diameter and length according to the case, while aligning the coordinate system of the model with that of the original medical images. The mesh was built in a rectangular cuboid domain with the faces either 5 cm away from the electrodes or corresponding to the edges of the original medical images, whichever was closer. For the investigation of the effect of increasing or reducing the tumor size, the binary segmentation image was dilated or eroded with a circular structural element with a radius of two pixels in the axial slices. The tumor was not dilated or eroded in the z direction of the images, because the distance between slices was much larger than the pixel size and some tumors were visible only for a few sequential slices (e.g., three slices in the case of patient 3). Although the electrodes displaced a small volume of tissue during the treatment, the model was not deformed in any way because the tissue was soft and compressible.
2.C. Computational modeling of electric field for assessing tumor coverage
The electric field modeling was performed using the finite element method. We used COMSOL Multiphysics (Comsol AB, Stockholm, Sweden) and its AC/DC module to model the electric field. The stationary Laplace equation for electric potential was solved in the box-shaped computational domain, which extended 5 cm from the outer dimensions of the electrodes. The active electrodes were assigned the Dirichlet boundary condition, while the outer boundaries were defined as electrically insulating. The electric field was solved with an iterative scheme, where COMSOL Multiphysics was controlled from Matlab (Mathworks, Natick, MA, USA). The material properties were assigned to the mesh elements according to the segmented images, where each tissue was assigned different electrical properties. 36 The electric properties of tumor and brain tissues were taken from previous work, 28, 30 since the increase of conductivity during electroporation is a well-documented phenomenon. 37, 38 The values of tissue conductivities used are reported in Table III . 39, 40 Each iteration consisted of a static simulation of the electric field; however, between the iterations, the tissue conductivities were increased as a function of the electric field. 30, 41, 42 This was repeated for every electrode pair used in the treatment and the maximum electric field was recorded. 43 For the outcome analysis, the maximum electric field from all electrode pairs was taken to compute the coverage of the treated volume.
2.D. Cell kill probability calculations for patientspecific brain tumors
The modeling of cell kill probability was performed using the Peleg-Fermi model. 44 This mathematical description was first developed to describe microbial inactivation after treatment with pulsed electric fields, and later adapted for use in irreversible electroporation. [31] [32] [33] The model uses the following equation:
ðnÞ AðnÞ
where S is the probability of cell survival, E is the electric field to which the cells are exposed, E c ðnÞ is the critical electric field as a function of the number of pulses over which 50% of cells are expected to die and AðnÞ is a shape factor which determines the transition between unaffected and completely ablated tissue. Specifically, E c ðnÞ and AðnÞ are defined as follows:
with E c0 being the initial value of the critical electric field, A 0 the initial value of the shape factor, k 1 and k 2 the exponential decay coefficients, and n being the number of pulses used in the treatment respectively. Although the model was initially based on in vitro data, it has since been applied to in vivo results for IRE in normal brain tissue of rats. 45 The values of the parameters used in the literature so far are listed in Table IV . The exact values of parameters were adjusted from Sharabi et al. 45 based on the complete response (CR) achieved in patient 4 with IRE treatment alone.
In the cases where more than one electrode pair was used, Eq. (1) was computed for every electrode pair separately as a scalar field and then multiplied:
where S i is the probability of survival for i-th electrode pair. The cell kill probability is then defined as 1 À S.
RESULTS
3.A. Electric field distribution within MRI-based intracranial environment
One of the main advantages of IRE in comparison with other focal ablation techniques is the dependency on the electric field exposure to achieve therapeutic effects. Sufficient electric field exposure is thus required for tumor response to the IRE treatment without damaging surrounding critical structures such as major blood vessels. The steps to compute the electric field distribution from MRI-based volumetric reconstructions of the tissue and tumor components in the brain are demonstrated in Fig. 1 . First, individual tissues (e.g., white matter, gray matter, and tumor) are segmented from each of the MR images in the sequence [ Fig. 1(a) ]. The tissue-specific segmentation allows for determining the tumor dimension and formulating the insertion approach to use during the surgery. The individual 2D segmentations are then reconstructed to generate a single 3D volumetric representation of the tissue components [ Fig. 1(b) ]. The volumetric representation allows for the virtual placement of the electrode geometry within or around the target tumor. The electrodes employed during the IRE treatment are insulated in order to protect the normal brain tissue outside of the 5-mm active electrode tips [ Fig. 1(c) ]. Finally, the 3D volumetric reconstructions are meshed to allow for computational simulations of the physical effects of the electric pulses. Figure 1(d) shows the electric field distribution within the tumor (red mesh) that is generated by a 4-electrode array. We demonstrated that therapeutic IRE planning is possible for patients with deep-seated tumors using anatomically accurate computational models to prevent damage to critical structures surrounding the zone of ablation.
3.B. Numerically simulated tumor exposure to electric field
The computational models were used to define the electrode configuration and electric pulse parameters for the intraoperative IRE treatments with the goal of maximizing tumor coverage while minimizing damage to the surrounding healthy tissue. 46 Figure 2 presents results that replicate the intraoperative electrode configuration, surgical placement, and electrical parameters employed during the IRE treatments (Table I ). The patient-specific curves in the plot illustrate the electric field coverage normalized to the tumor dimensions. In all patients, decreasing the electric field threshold for cell kill results in a higher tumor fraction. Patient 6 for example demonstrates~60% tumor coverage with ≥ 600 V/cm. The tumor coverage in this same patient increases to~95% when the threshold is reduced to ≥ 300 V/cm. The computational models are thus relevant since they provide IRE treatment insight to the tumor fraction exposed to a known lethal electric field magnitude. The lethal electric field threshold is specific to the treatment parameters used, so implementing an algorithm that accounts for other variables such as pulse number and pulse duration would further improve the robustness of the computational models. 47 
3.C. Statistical cell kill model allows incorporation of pulse number and pulse duration
In order to more accurately recapitulate the effects that occurred during the IRE treatments of the canine patients, the computational models were refined to include parameters such as pulse number and pulse duration. Figure 3 displays the probabilities of cell kill due to electric field exposure as computed from the Peleg-Fermi model. The values of the parameters for the Peleg Fermi model for gliomas were also targets of this investigation. We used Peleg-Fermi parameter values based on Sharabi et al. 45 where the narrow transition region between IRE-ablated and unablated regions was also noted. The values for A 0 , E c0 , and the exponent scaling factors k 1 and k 2 were adjusted from in vivo data for normal rat brain to accommodate the output of the model with the radiologically confirmed clinical outcomes. Three distinct regions can be visualized in the contour plot that results in very different therapeutic outcomes (Fig. 3) . If the electric field is not strong enough or if not enough pulses are delivered, there is no therapeutic effect (dark blue zone). Conversely, if the electric field is too strong or an excessive number of pulses is delivered, the cells are killed by IRE with or without thermal damage in the immediate vicinity of the electrodes (yellow zone). 32 Finally, there is also a transition zone that demonstrates that ≥ 80 pulses are necessary to achieve high probabilities of cell kill at relatively mild (~300 V/cm) electric field strengths. The Peleg-Fermi model increases the predictive power of our MRI-based computational models since it is capable of discriminating the tumor coverage between patients that were treated with the same electric field distribution but differ in pulse number for example. Figure 4 shows the simulated probability of cell kill as a function of the volume fraction of the tumor for the seven canine patients treated in this study. These MRI-based computational models recapitulate the 3D tumor and brain reconstructions, electrode placement, and pulse parameters employed during the IRE treatments (Table I ). In four of the five canine patients (Patients # 3, 4, 6, 7) treated with curative intent, the tumor fraction was ≥ 0.9 for a cell kill probability ≥ 90%. These patients resulted in a complete response (Patient # 4), stable disease (Patients # 6 and 7), and partial response (Patient # 3) based on MRI-evaluation post-IRE. Even though canine patient 1 exhibited a lower cell kill probability, the IRE treatment alone resulted in a radiographically confirmed 75% tumor reduction 3 days post-treatment and was in complete response at 4 months (with adjuvant radiation therapy). 10 As expected, patients # 2 and # 5 that were treated with the palliative intent of reducing the burden from their oversize tumors resulted in the lowest tumor coverage. Our results confirm that these models are capable of predicting radiographically confirmed clinical outcomes and can be used to evaluate the appropriate number of pulses to use in a clinical setting. For clinical reasons unrelated to this study, patient 7 was euthanized 3 months post-IRE treatment and was confirmed to be tumor-free on postmortem examination. Thus, the data suggest that a tumor coverage of ≥ 0.9 at a cell kill probability ≥ 90% can be safely used to guide IRE treatments.
3.D. Relationship between numerically predicted tumor coverage with radiographically confirmed clinical outcome
Figures 5 and 6 demonstrate the predictive power of the cell kill probability in comparison with the tumor coverage with electric field alone. Specifically, Fig. 5 
3.E. Cell kill probability in dilated and eroded tumor geometries
In order to illustrate the robustness of the 3D volumetric reconstructions of the tumor geometries, dilated and constricted versions of the reconstructions were also created. Figure 7 shows the tumor-to-tumor variability that could be introduced if the MRI-based reconstructions are artificially manipulated. The variability in the cell kill probability depends on the tumor volume, electric field distribution, and pulse number as expected. The largest variability was seen in patients # 1 (small tumor), 3 (small tumor), and 7 (low pulse number). On the other hand, patients # 2 (large tumor), 5 (large tumor), and 6 (high pulse number) demonstrate less variability. The volume fraction of tumor coverage (solid black lines) is perhaps a better indicator of the   FIG. 3 . Peleg-Fermi cell kill probability during pulsed electric field exposure. The cell kill probability distribution is given as a function of electric field and pulse number with the following parameters (E c0 = 750 V/cm, A 0 = 15 V/cm, k 1 = 0.015, k 2 = 0.003). The three distinct regions represent no effect, a transition zone, and complete cell kill due to irreversible electroporation. Delivering more pulses at a specific electric field can increase the cell kill probability. Similarly, one can generate a higher probability of cell kill by increasing the electric field at a specific pulse number. Table I . The cell kill probability was computed as a function the tumor fraction. This statistical model correlates well with radiographically confirmed clinical outcomes and incorporate the pulse number and pulse duration employed during the treatment. The patients that responded best to IRE therapy demonstrated tumor coverage ≥ 0.9 at a cell kill probability ≥ 90%. Patient # 7 was treated with 40 pulses for each of the two electrode pairs and resulted in radiographically confirmed stable disease and was confirmed to be tumor-free on post-mortem examination. Note: Patient 1 resulted in complete response with IRE and adjuvant fractionated radiotherapy (denoted by ‡) but developed treatment-related brain necrosis and leukoencephalopathy confirmed at necropsy without signs of recurrent malignant glioma. 10 [Color figure can be viewed at wileyonlinelibrary.com]
Medical Physics, 44 (9), September 2017 radiographically confirmed clinical outcome since patients with tumor coverage ≥ 0.5 at a cell kill probability ≥ 50% resulted in substantial improvements after the IRE treatment and resulted in complete response (Patients # 1 and 4), partial response (Patients # 3 and 5), and stable disease (patients # 6 and 7). The capability of using these predictive tools for planning IRE procedures will further improve the clinical outcomes of these malignant glioma patients. Figure 8 demonstrates that all the patients that were treated with curative intent benefited from the IRE procedure. Data is unavailable for patient 2 since it developed fatal (Grade 5) aspiration pneumonia within 14 days of the cytoreductive IRE treatment. These radiographically confirmed clinical outcomes are demonstrated in the complete responses (patients 1 and 4), partial responses (patients 3 and 5) , and stable disease (patients 6 and 7) achieved in the clinical trial. Additionally, the imaging-based IRE treatment extended the survival of several patients past the 1-month survival without treatment reported in other studies. 5 Finally, in order to assess the quality of life of our patients, the Karnosky Performance Score (KPS) was evaluated and resulted in improvements in every canine patient. This demonstrates the ability of a onetime treatment to generate lasting positive results in tumor control and quality of life.
3.F. Radiographically confirmed clinical outcomes and KPS evaluation post-IRE
DISCUSSION
The safety and potential for using pulsed electric fields for therapeutic brain applications has been demonstrated in animal models 18, [48] [49] [50] disease. 9, 10 These applications involve reversible disruption of the blood-brain-barrier for delivery of therapeutic agents 48, 49, 51, 52 or irreversible treatment for localized tissue/ tumor ablation. 9, 10, 53 Recently, Tumor Treating Fields (TTFs) received FDA approval for GBM treatment due to the demonstrated ability to add 3 months to the progression-free and overall survival of human patients when used in combination with temozolomide chemotherapy in a phase III clinical trial. 54 Despite encouraging clinical outcomes, the median survival for human GBM patients is only 15 months with singular or multimodal therapy consisting of surgical resection, chemotherapy, and/or radiation therapy. 1, 2 In this study, all the canine patients that were treated with curative intent demonstrated partial-to-complete responses and improved quality of life, including a patient (patient 4) that has been tumor free for 5+ years and one that was tumor free based on histological evaluation post-mortem 3 months after treatment.
Brain tumor coverage with sufficiently strong electric field is a requirement for positive tumor control. 26 In previous in vivo work, an electric field of~500 V/cm has been reported as the electric field threshold for normal brain tissue ablation using fifty 70-ls pulses at 4 Hz in rats 50 or ninety 50-ls pulses at 4 Hz in dogs. 28 However, from the tumor coverage simulations shown in Fig. 2 (electric field) and Fig. 4 (cell kill probabilities) it appears that canine patient # 4 only reached~0.95 volume fraction at 50% cell kill probability. This suggests that there is additional therapeutic assistance in order to achieve the 5+ years complete response observed in this canine patient. Specifically, recent IRE studies suggest that there might be an immune response that is triggered with the nonthermal ablation and may help in tumor control. 55, 56 Despite promising results, there are limited studies evaluating the IRE-induced immune response and there is a need for additional studies that include combinatorial therapies as well. 57 The limitations of the current study lie in the heterogeneity of the patient population and the tumor types and locations. FIG. 7 . Evaluation of cell kill distributions based on dilated and constricted 3D volumetric tumor reconstructions. The volume fraction is directly correlated with the radiographically confirmed clinical outcome since patients with volume fraction ≥ 0.5 at a cell kill probability ≥ 50% resulted in substantial improvements compared to those with volume fraction ≥ 0.5 at a cell kill probability < 50%. *Denotes the patients that were treated with curative intent. Note: Patient 1 resulted in complete response with IRE and adjuvant fractionated radiotherapy (denoted by ‡) but developed treatment-related brain necrosis and leukoencephalopathy confirmed at necropsy without signs of recurrent malignant glioma. The seven patients are from different types of dog breeds which means a large variability in the genetic factors and possibly differences in the capabilities of the immune system. There were also histological differences between tumors in the patient population. The tumor sizes were also very diverse, with the smallest being 0.5 cm 3 and the largest 5.0 cm 3 . Another limitation is the transition from in vitro models that were used to develop the statistical approach for cell survival. Namely, the first proposal to use the Peleg-Fermi model was based on in vitro studies of cell killing with up to 10 pulses. 31 A more recent study concluded that the mathematical description used in this model is accurate, however, using a larger number of pulses resulted in substantially different parameters of the model. 33 This model has also been used to evaluate cell death of normal brain tissue, 45 but not yet for brain tumors. The parameters of the Peleg-Fermi model found in this study can therefore be considered to be based on in vivo data and glioma-specific, but additional experiments need to be performed to determine if the tumor grade at treatment has an effect on the model parameters. It is likely that specific parameters of the cell death model may need to be found for each different tumor histological type. Another limitation is that the current model does not take into account the action of the immune system, therefore it could lead to using overly aggressive pulse protocols when attempting to ensure 99.99% cell death in the entire radiologically confirmed tumor volume.
The clinical implementation of the presented study will be possible in the near future. The required steps would be additional studies for determination of the safety of such a treatment in human patients with malignant glioma. A treatment planning framework similar to the approach used in radiotherapy is already in development (Visifield.com), but was used in this study only for segmentation of the brain and tumor tissue for patients 1 and 2. Initially, treatment planning has been envisioned as being performed in advance of the treatment, i.e., at least a day or up to a week before. This can be performed on contemporary personal workstation computer, since the determination of the electric field between one pair of electrodes takes approximately 3 min. In order to perform treatment planning during the treatment itself -based on actual realized positioning of the electrodes, the time of computation however would need to be reduced considerably. With image fusion with intraoperative imaging, this kind of approach may also allow for inclusion of tissue deformations due to electrode insertion, which were not considered in this study. In the case of treatment of brain tumors, careful positioning of the electrodes and planning of the clinical target volume is critical. The feasibility of using numerical treatment planning for brain tumors has been studied previously 25 and validated in this study using real clinical cases and confirmed using radiological evaluation post-treatment. The treatment planning approach and optimization of the cases has been developed previously 21, 58 and is extended in the current study using statistical modeling of the treatment outcome. The coupling of such a treatment planning approach with existing solutions for optical navigation has also been demonstrated. 22, 59 Therefore, each step in the treatment workflow has been developed. The translation into the clinic would therefore only require the combination of the already developed steps into a finalized multidisciplinary approach. Before implementation into clinical practice, it is still necessary to obtain regulatory approval, since any kind of treatment planning tool for delivery of energy has to be considered as a medical device.
For direct and immediate prediction of the treatment outcome, the monitoring of electric field during the treatment using MRI has been demonstrated on a research magnet. 60, 61 Using this approach, the electric field and the expected outcome of the treatment can be known immediately after the end of electroporation pulse delivery, potentially identifying any areas where the expected treatment efficacy could be suboptimal. To realize this monitoring, further steps are required: the development of MRI compatible electrodes and pulse generator, validation of the method in a clinical scanner, and validation of the predicted outcomes with clinical data.
CONCLUSIONS
This study presents the first attempt to validate numerical models of cell death in a spontaneous tumor tissue. The treatment protocols used during the surgical procedures of the canine patients allowed us to fine-tune the computational models and establish their predictive power for use in therapeutic IRE planning. We conclude that for the chosen parameters of the Peleg-Fermi models, a coverage of more than 0.9 volume fraction of the tumor with more than 90% probability of cell kill is a good predictor of therapeutic success. The parameters of the Peleg-Fermi model are also such that they require lower electric fields to achieve success than are typically used in IRE procedures. This will be very useful in cases where sparing critical structures is essential for the treatment safety and/or maintaining patients' quality of life. Finally, the electric field thresholds that produced good treatment outcomes were also lower than commonly reported in the IRE literature outside the brain.
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